Today, the continuous doubling of the transistor count on planar microprocessor and memory chips in a two-year cadence has reached the point where Moore's Law (essentially an economic law) and Dennard's scaling (transistor and pitch dimensions) have approached their limits in 2D-scaling. The end of the planar device era was marked with the introduction in 2011 of the 22-nm Tri-Gate device. 1, 2 Figure 1 shows its design with gates surrounding the channel on three sides of vertical fins to improve gate delay.
Today, at the emergence of the 10-nm technology node and the 50 th anniversary of Moore's Law, 3D device and integration solutions are being rapidly introduced both intra-chip, e.g., Gate-All-Around, 3 vertical NAND, 4 and inter-chip, e.g., 3D Through-Silicon Vias (TSVs). 5 History of 3D etching.-Whereas the transistor design has been planar for most of its history, its periphery has been subjected to 3D design early on. One of the earliest 3D concepts has been the basic invention of 3D TSVs, already filed in 1958 by the famous W. Shockley, 6 cf. Fig. 2 . Yet, in reality 3D Through-Silicon Via (TSV) technology took decades to accelerate the now rapidly growing stacked-chips and micro-electromechanical systems (MEMS) markets by enabling their interconnection in a 3D-integrated System-in-Package (i.e. the so-called 'More than Moore' domain). Today, the mainstream industrial technology for etching of both TSV and MEMS structures is ion-assisted etching or (Deep) Reactive Ion Etching. This method has become so favorite since it encounters hardly any temperature dependence. 7 The first 3D architectures in functional transistor design were launched in the 1980s, starting with the introduction of stacked and trench capacitors in NMOS-based memories. Until then the capacitors were designed on the real estate available between the transistor cells. Only in the last decade with the onset of the third era of scaling, i.e. the 'More Moore' domain, 8 3D integration has become pivotal in advanced semiconductor manufacturing. Next to cost reduction the other drivers are the reduced form factor and increased performance, such as reduced RC delay and low power consumption, all together enabling new applications in connectivity, mobility and the Internet of Things.
Plasma etching as key enabling technology.-The major challenges in plasma etching of 3D semiconductor devices and of MEMS devices have been reviewed in two recent reviews. 7, 9 For the former devices these challenges were reformulated in this journal by Intel into opportunities for ALD and ALEt. 10 Today, atomic-scale deposition and etching of new functional materials are already being implemented in the most advanced transistor, interconnect and patterning technologies. The latest state-of-the-art examples here are in spacer-defined patterning, 11 3D FinFET and vertical NAND technology with their extremely narrow fins, lines and gaps to create and to fill with ultrahigh fidelity and at acceptable cost.
The obvious distinction of conventional CVD and plasma etching from their layer-by-layer counterparts ALD and ALEt is illustrated in Fig. 3 . In conventional etch and deposition the process is non-interrupted, and the main reactants are supplied simultaneously, then chemisorbed at the surface where they react and, likewise, the by-products are purged or pumped simultaneously. Also if plasma deposition or etching is done in pulsed mode the reactants are usually still fed simultaneously and in synchronous pulsed mode. The invention of ALD by Aleskovskii, 12 and Suntola and Antson 13 in the 1970s is based on the alternating time-separated supply of reactant precursors and their co-reactants, and their respective purging in between. The fact that ALEt was invented a decade later 14 indicates that its realization as the cyclic etching counterpart of ALD is not straightforward.
For a full description of the similarities and differences between ALD and ALEt we refer to the extensive comparison elsewhere in this journal's focus issue. 15 We suffice by resuming the main distinction of ALEt from conventional plasma etching: ideally, ALEt removes only one atomic (sub)layer from the parent material per basic adsorptionpurge-activation-purge cycle. In conventional etching, even with fast (i.e. sub-second) plasma pulsing and synchronous gas dosing the depth of the reactive boundary region is less controlled, and the material damage and removal still extends over several monolayer distances. 16 A major challenge in (cycled) plasma etching is the long cycle time (order: 1-10 sec up to ∼1 minute) and the resulting slow etch rate (in DRIE typically 3-5 μm/min) due to the relatively low gas pressures used in the half-cycles. 17, 18 This work lays down the concept of cyclic etch /passivation-deposition processing in an all-spatial regime that could lead to high rate (D)RIE and ALEt processing. A part of this work has been filed and published earlier. 19, 20 The principle was conceived from an inspiring mix of facts, old and new:
1. The similarity of ion or neutral beam-assisted etching 21 and deposition, 15 and the benefits of plasma-enhanced ALD. 22 
Other remarkable similarities between ALD and ALEt both in
full and selective area processing. 15 
The similarity between time-multiplexed etch/sidewall passiva-
tion sequencing in (D)RIE and the sequencing of precursor(s) and co-reactant(s) in ALD and ALEt, and also the duration of these cycle times (∼a few seconds). 20 
The concept of spatial Atomic Layer Deposition (ALD) has
been commercialized for large-scale and, notably, high-rate film deposition at atmospheric pressure. 23, 24 See Fig. 4 for the principle. Atmospheric plasma deposition and related processing becomes more and more popular as it has potential for very high processing rates that are suitable for industrial applications. 25 5. The use of SiO 2 and SiO x F y as more effective self-terminating sidewall protection layers, replacing hydro-fluorocarbons in high-speed oxygen-pulsed deep silicon etching. 26 Similarly, in Si-fin etching the need for a 'tougher' material with stronger sidewall adsorption and passivation than CHF 3 was expressed in order to obtain better retention of sidewall shape (i.e. less striations) and smoother line edges. 27 In this context one has recently considered the use of an ALD oxide passivation step in DRIE of high aspect ratio nanosize features, although no experimental data have been shown. 28 6. In both shallow and through-wafer etching ALD-grown Al 2 O 3 hard masks have been reported to show extremely high selectivity (up to 66,000 w.r.t. Si), combined with good surface quality. 29, 30 This applies to both deep etch applications in back-end-of-line processing (BEOL) and in shallower etching in front-end-of-line processing (FEOL). 7. Characteristics inherent to reactive ion etching are the initial mask undercut, aspect ratio dependent etching (ARDE) rate, and notching at dielectric interfaces. 31 This is because any etching with SF 6 remains in fact semi-isotropic and proceeds mainly by the non-directional neutral species (radicals), with less than 0.1% of the plasma species being ions causing the directional etching. In addition, pulsed etching with its alternation of etch and passivation pulses suffers from more imperfections. 32 Most prominent for Bosch-type etching is the corrugation ('scalloping') of the sidewall, especially for longer etch pulses; see Fig. 5a . Yet, more defects are encountered, and this is due to the fact that the passivation by plasma C 4 F 8 is also an isotropic radical-driven process, leading to non-uniform sidewall passivation and, consequently, sidewall roughness (mouse bites and striations).Some of these features are displayed in Fig. 5 , and have been explained elsewhere. 33 Methods to suppress these effects have been discussed but from a chemical or mechanical point of view the fluorocarbon mask material remains not an as silicon compatible passivation as for example SiO 2 , Al 2 O 3 , etc. This holds also for continuous etch processes using halogen-type or mixed O 2 /halogen-type chemistries. 8. The need for ultrafast gas switching (<200 ms) and smaller single-wafer etch chamber volumes in both pulsed deep etching and precise layer-by-layer etching. 34 These are measures to match the split-second time constants of many basic chemical half-reactions (also present in ALD processing 35, 36 ) and to minimize the gas residence time and thus the dose of reactants that are used in one cycle, but are undesired in the next cycle. 17 9. Methods that have been described for filling high-aspect-ratio features, in which compatible deposition and etching steps are alternated using high-density plasma chemical vapor etchenhanced (deposition-etch-deposition) gap fill processes. 37 10. The need to tune the directionality (i.e. ion angular distribution) and to narrow down the ion energy distribution function for etching and filling of refined feature shapes with maximum degree of fidelity by pulsed waveform biasing. 38, 39 Interestingly, and seemingly controversial, this also includes the need for tunable plasma process parameters to initiate isotropic desorption from and volatilization of the surface independent of its local orientation. 10,15 11. The development of dedicated (micro)plasma sources in general 40 and atmospheric pressure sources in particular to increase throughput, deposition rate and to reduce process temperature and gas consumption. 25, 41 Each of these facts has its own challenges and potential (sub)solutions. Yet, many of them are connected to the spatial concept approach in this paper. We have only evaluated a few aspects, but valuable ones to assess the feasibility of an all-spatial concept of cyclic etch/passivation-deposition toward high-rate room temperature Atomic Layer Etching.
Below we start with depicting the transition from the conventional temporal Bosch process into a spatial process. This is then followed by replacing the conventional fluoro-hydrocarbon passivation by ALD oxide, and some preliminary experiments in spatial atmospheric pressure ALD in challenging 3D features. This is followed by a section with some modeling background in spatial RIE reactor design, a section on timescale analysis for convection, diffusion, deposition and mass supply, and finally a section on microplasma sources, with some details on the Dielectric Barrier Discharge source that we developed. We conclude with a short outlook. 
Spatially-Divided Reactive Ion Etching: A New Concept
The technology mainstay for conventional DRIE is the so-called Bosch process. This room temperature process, illustrated in Fig. 6 , consists of two alternating half-cycles 42,43 : 1) etching with SF 6 plasma, and 2) passivation of the sidewalls and bottom of the etched features with a protecting -(C 2 F 4 ) n -fluorocarbon (Teflon-like) polymer liner deposited from plasmas containing etch gases as C 4 F 8 , 33 C 5 HF 7 , or alike.
The first half-cycle is an ion-assisted isotropic etch step with SF 6 plasma. If non-interrupted, it would proceed mainly by the nondirectional fluorine containing radicals which form volatile SiF x products that are pumped off. In order to minimize the lateral etching component the etch steps are quickly interrupted by C 4 F 8 passivation steps. During each etch step a bias voltage is applied to the substrate holder. This causes a directional physical ion bombardment from the plasma onto the substrate which sputters the polymer off the feature's bottom part and leaves the sidewall passivation intact, thus enabling the anisotropic etching.
The etch and passivation cycle times are each typically 1-10 s with 0.1-1 μm etched per cycle. The process enables plasma etching of deep vertical microstructures (aspect ratios AR ≥ 20:1) in silicon with etch rates of typically 3-5 μm/min, and selectivities up to ∼200:1 against a hard oxide mask (usually SiO 2 ). 7, 18 An accelerated etch alternative is to convert the above process from its temporal (i.e. time-separated) into the spatially separated regime. 19, 20 The spatial separation can be accomplished by inert (e.g., N 2 ) gas bearing 'curtains' of heights down to ∼100 μm, or even smaller; see Fig. 7 . The gas curtains confine the reactive gases to individual (often linear) injection zones constructed in a gas injector head. The etch and passivation compartments are connected through a gas bearing envelope that is narrow enough (∼1 mm) and pumped differentially to sustain the pressure differences. Thus, pressures can be chosen differently, and can be increased to an optimum in the etch and in the passivation zone. By horizontally moving the substrate back and forth under the multiple injector head one can create the alternate exposures needed to complete the overall cycle. The optimum pressure in each injection slot is obtained by balancing the various gas flows which are injected into and exhausted from the slots, and by a proper design of the distance between the various slots and the gas bearing gap height (a smaller gap causes a larger pressure field gradient between the channels).
The Passivation Step in Spatial RIE: ALD-Based, Low-Pressure or Atmospheric
The selected mask material generally affects etch rate, undercutting, and surface quality of etched features. 44 Oxidic ALD-deposited hard masks like Al 2 O 3 are reported to have lower pinhole density and thus higher etch selectivity than conventionally deposited etch hard masks. 29, 30 Thus a further improvement in the spatial approach can be expected from the replacement of the CVD-based C 4 F 8 passivation cycles by spatial ALD-based deposition cycles of SiO 2 , or other oxides (e.g., Al 2 O 3 ). Figure 8 illustrates the schematic configuration of this concept which now consists of a spatial ALD oxide passivation module in an all-spatial etch-passivation cluster concept.
Unlike the C 4 F 8 case ALD-based passivation layers are selflimiting and chemisorptive of nature, and less complex in their layer thickness control. This will lead to improved control of the anisotropy and sidewall smoothness in the total DRIE process.
The idea of using temporal ALD passivation in DRIE of high aspect ratio features was conceived recently, 28 yet without any experimental data given. Dingemans et al. 36 published a time-efficient plasma-assisted process for low-temperature (50-400 • C) temporal ALD of SiO 2 using H 2 Si(N(C 2 H 5 ) 2 ) 2 precursor and O 2 -plasma. Precursor dosing times as short as ∼50 ms were sufficient to obtain a high conformality (95 ± 5%) in high aspect ratio (30:1) trenches, as shown in Fig. 9a . This indicates that the recombination of O-radicals in such trenches plays no dominant role as was also discussed recently by Knoops et al. 45 We found that a non-plasma atmospheric spatial ALD alternative for oxidic passivation is also possible. Figure 9b shows such an Al 2 O 3 layer deposited from trimethyl aluminum and water vapor during 600 repeated cycles of 13.5 ms each in the rotary atmospheric ALD reactor described earlier. 23 The layer has good step conformality (≥ 80%) in trenches with ultrahigh aspect ratios exceeding 130:1. Atmospheric ALD of Al 2 O 3 has already successfully been commercialized for the solar cell industry in equipment that deposits films almost two orders of magnitude faster than in conventional (temporal) ALD. 24 Figure 7 . Schematic of spatial RIE process mode with C 4 F 8 passivation of a wafer that reciprocates under spatially divided reaction zones. Arrows pointing upwards indicate exhaust lines. Notice the difference in height of the gas bearing compartments (typically ∼20 to 100 μm) and the plasma compartments (typical height ∼10 mm, and length of several 10 mm's and width of order ∼1 mm). The compartments are connected through a gas bearing envelope. Not to scale; wafers will pass the entire zones before shuttling back. Figure 8 . Schematic of alternative all-spatial RIE process mode with spatial ALD oxide passivation (e.g., SiO 2 , Al 2 O 3 , ..). 'Si' denotes a Si-precursor, TMA is trimethyl aluminum. Note, that for deep etching and for shallow ('layer-by-layer') etching the wafer exposure times in the respective zones will differ, which will imply different residence times, or different numbers of unit cells in the two main compartments. We also investigated plasma-assisted atmospheric spatial ALD of SiO 2 using the same H 2 Si(N(C 2 H 5 ) 2 ) 2 precursor (SAM.24, from Air Liquide) as described above and a plasma source based on a proprietary Surface Dielectric Barrier Discharge (SDBD) concept 46 that was designed in-house and installed in the rotary atmospheric ALD reactor as schematically depicted in Fig. 10 . Being operated at high voltage (5 kV) and in the 10-100 kHz frequency range, this type of source provides a highly homogeneous plasma even at atmospheric pressure. The thin plasma region has a thickness of typically 20-50 μm and is principally oriented in parallel with the substrate. The dimensions of this plasma region are 0.5 mm in width and 30 mm in length. The plasma is generated in a reproducible manner in any gas mixture. In this example a gas composition of 10% O 2 in N 2 has been used. Figure 11 shows a few preliminary micrographs of an array of trenches with aspect ratio 20 : 1 filled with silicon dioxide grown at 50 • C during 259 cycles of 65 ms each in the rotary atmospheric pressure spatial ALD reactor. The step conformality of 70% is not optimum, but based on the temporal ALD results shown in Fig. 9a one can expect that this can be further improved.
The deposition results above open up the way to further development of ultrafast atmospheric passivation in RIE. This would not only simplify and accelerate etching, but also reduce costs, for example with sub-second passivation cycles with Al 2 O 3 , or SiO 2 .
Background on Spatial RIE Reactor Design
The basics of an all-spatial RIE process scheme have been illustrated in Fig. 8 . Figure 12 gives an impression of the basics in spatial reactor gas inlet design: a wafer is moving under a (plasma) injector head with inlets for etch gas (SF 6 /O 2 ), bearing gas (N 2 ) and passivation/deposition gas (conventional C 4 F 8 or ALD oxide). Typical pressures p e , p p and p pu assumed for the etch, passivation/deposition and purge zones, respectively, and the corresponding flow rates F e and F p , lengths L e and L p and heights H e , H p and H g of the injection zones are listed in Fig. 12. H is a convenient design parameter to obtain the desired pressures. The pressure drop over each channel is inversely proportional to the cube of its compartment height ( p∼H −3 ), and linear in L and F. Depending on the pressures needed for the spatial RIE process one can calculate the different dimensions of the bearings. An example for low-pressure RIE is shown in Figure 12 , indicating these dimensions to be in the mm to sub-mm range. Note, that the pressure for passivation, p p , is taken to be one order of magnitude higher than the pressure p e for etching. The relation used is:
Here, λ is the friction coefficient, L the length, D h the hydraulic diameter (which is almost equal to H) and U the flow velocity. The flow velocity is inversely proportional to H which leads to the conclusion that p is inversely proportional to H 3 . Thus the energy of the fluorine ions from the etching plasma will be higher than that for any ions attracted from the passivation plasma (more collisional losses for Fions in case of C 4 F 8 passivation or oxygen ions in case of oxide ALD passivation). Therefore, in an entirely spatial process with noninterrupted voltage biasing of the full substrate, the ion bombardment of the passivation layer will be sustained during the etch half-cycle.
Timescale Analysis for Convection, Diffusion, Deposition and Mass Supply
In order to further optimize the spatial SF 6 /O 2 etch and SiO 2 deposition process parameters preliminary gas transport simulations were performed to analyze all relevant timescales involved. The simulation program used is a general purpose CFD model CVD-X developed to predict and optimize deposition processes in the semiconductor industry. 47 In this program specific models for the description of rarefied gas transport inside trenches have been incorporated. Using these models, transient multi-scale simulations have been performed of flow, precursor transport and deposition reactions in ALD-type reactors filled with high aspect ratio trenched wafers.
A short synopsis of the most relevant formulas involved is given in Table I . For more details on the simulation program one is referred to Ref. 47 . The simulations were done for the passivation of a wide range of lateral feature scales. The three main categories of features studied are a) microsystem cavities with 50 μm openings and aspect ratio 5:1, b) 1 μm wide 3D-vias (aspect ratio 10:1, areal density 100/mm 2 ) and c) sub-micron (0.15 μm) trenches (aspect ratio 10:1, areal density 10 4 /mm 2 ); see Table II . Figure 13 shows some of the main simulations results. For a typical conventional (D)RIE reactor with ∼30 liters volume and the process parameter (flow rates, pressure, temperature) settings of Ref. 36 , the relevant process time is dominated by the flushing time scale. This is of the order of seconds (6.12 sec for 90% volume flushed;
AssumpƟons
Pressures: p e = 13 Pa (0.1 Torr) p p = 133 Pa (1 Torr) p pu = 12 Pa Δp e = p e -p pu = 1 Pa Δp p = p p -p pu = 121 Pa Flow rates: Ф e = 120 sccm Ф p = 260 sccm Dimensions: L e = 5 mm L p = 5 mm
Requirements
Dimensions: H e = 4 mm H p = 700 μm Figure 12 . Schematic for modelling the multichannel gas injector head in spatial ALEt, as used for the calculation of the different gas bearing dimensions. The injector contains the etch gas inlet, the passivation gas inlet(s) and an outer guard gas inlet to screen off the ambient atmosphere. All inlets can be separated from each other by purge outlets (drawn) and by bearing gas inlets (not drawn here, but see Fig.  8 for more details). Each gas is injected through an inlet with or without microplasma source. See text for more explanation. 12.25 sec for 99% volume flushed). The calculated optimum saturation time (transition point from the Langmuir-dominated regime to the supply-dominated regime) at 50 • C is around 20-50 ms, as shown in Fig. 13a . This corresponds very well with the experimentally determined Si-precursor dosing times for saturation. 36 The results in miniaturized reaction zones of 2.5 mm height and 5 mm length (in both directions), representative for our spatial reactor dimensions, indicate an optimal pressure range from ∼0.5 Torr for planar structures (Fig. 13a ) to ∼5 Torr for TSVs ( Fig. 13b ) and microsystems (Fig. 13c ), at ∼100 • C, and 5 -200 ms timescales depending on the feature's aspect ratio; see Figs. 13b-d.
It is evident that for lower temperatures and higher aspect ratio features the timescales increase (more Langmuir-dominated). Yet, the corresponding timescales for depositing a few passivation monolayers remain typically in the sub-second regime, even at room temperature, i.e. the targeted process temperature for RIE in the spatial regime. Table II . Dimensions and densities of three characteristic 3Dfeatures used in the timescale analysis of convection, diffusion, deposition and mass supply in spatial DRIE: microsystem cavities with 50 μm openings and aspect ratio 5:1; 1 μm wide 3Dvias (aspect ratio 10:1, areal density 100/mm 2 ) and sub-micron (0.15 μm, DRAM-like) trenches (aspect ratio 10:1, areal density 10 4 /mm 2 ). Flat wafers are used as a reference.
Feature
Planar Considering the mass supply needed in bulk micromachining of silicon (specific density of 5 · 10 22 atoms/cm 3 ) it will be obvious that the Si-etching half-cycle requires prolonged time intervals. This requirement is the main driving force for the development of high-density plasmas in Si-etching; see the next section.
If, however, the main application is layer-by-layer etching of silicon, and dielectric and conductor thin films over moderate silicon topologies, a certain degree of non-directionality is necessary to accomplish isotropic etching of material and desorption of passivation off the sidewalls of the 'shallow' features. 10, 15 In this case one may need less directional etch conditions, and higher pressures in combination with dedicated microplasma sources may accomplish this. In the next section we will discuss the general trends in microplasma source design and miniaturization.
Microplasma Sources
Trends in microplasma sources.-The dimensions of the spatial RIE reactor design described above, call for the use of miniaturized plasma sources or arrays. In view of the accelerated etch rate requirements a logical further step is to make the etch cycle proceed at higher pressure, ideally at atmospheric pressure, or at least sub-atmospheric, e.g. 100 mTorr. At higher pressures one can expect higher electron densities (n e ), and correspondingly higher ion and radical formation. 48 Power densities achieved in microdischarges (kW.cm −3 to MW.cm −3 ) are orders of magnitude larger than those in conventional large-scale systems (W.cm −3 ). 49 Today, high-density plasma sources are now being designed and explored for utilization as future microplasma sources or arrays. Generally, this research aims at achieving a ∼hundred-fold increase in electron density, 40 beyond the traditional densities of 10 12 cm −3 , or even up to more significant levels, 50 thus enabling high-speed etching at correspondingly higher pressures. The challenge is to avoid increased ion scattering, so that the energy and directionality of the ion bombardment is maintained to combine increased etch rates with good anisotropy control in 3D Si etching. Figure 14 shows the potential gain in plasma density (n e ) upon miniaturization of ultrahigh-frequency plasma sources in combination with the use of photo-stimulation by UV light sources, or of in-plasma generated photons.
Preliminary SDBD source testing.-The new concept of ALD passivation for RIE in an all-spatial regime can also be combined with microplasma sources replacing the traditional plasma sources. As a first step we have designed a Surface Dielectric Barrier Discharge microplasma source with a rectangular (0.5 mm wide × 30 mm long) opening for the reactant gas, cf. Fig. 10 . It has been tested in a conventional vacuum reactor for its etching behavior at close distances (≤ 20 mm) from an RF-biased Si-substrate with trench patterns pre-etched in a thermal SiO 2 hard mask. The first results obtained are not yet optimized: the maximum Si-etch rate achieved so far was 4 μm/min at only 35 W plasma source power, 10 V substrate bias, 1.2 mbar, 50 sccm SF 6 and 20 mm distance between the microplasma source and the Si-sample.
Next, a preliminary RIE / ALD passivation /RIE cycle was performed on a similar Si-sample in three steps involving two separate non-connected reactor chambers: 1) the vacuum chamber for a 1 min. RIE step using SF 6 /O 2 and a surface-DBD source, 2) the rotary spatial atmospheric pressure ALD reactor for the thermal deposition of the Al 2 O 3 passivation of only 5 monolayers (5 rotations) under the same non-plasma conditions as described above (Fig. 9b) , 3) once more, the vacuum chamber for another 1 min. RIE step.
From the etch profile shown in Fig. 15 one can see two typical scallops on the trench sidewall, and conclude that both directional and lateral etch have been accomplished in a mixed anisotropic/isotropic regime where as little as 5 monolayers of Al 2 O 3 passivation are sufficient to preserve the shape of the scallop carved out in the first cycle. Another remarkable observation is the flat etch front of the trench bottom. This may be indicative for the robustness ALD-grown Al 2 O 3 hard mask, and desired in atomically smooth surface etching in ALEt. In conventional continuous dry etching trench bottoms are often micro-trenched due to ion scattering from the trench sidewalls which results in faster etching of the side corners. 51 We note that these results have been obtained with non-optimized processing and equipment, so we are confident that further optimization will give further improvements and insights. The process variables are manifold: gas concentration, pressure in the etch and passivation compartments, plasma power, substrate voltage biasing, room temperature processing, 52 plasma source-to-substrate distance, passivation with other spatial ALD oxides like SiO 2 .
Concluding Remarks and Outlook
We have described a novel alternative and disruptive concept of Reactive Ion Etching, which converts the conventional time-divided process into the spatially-divided regime. The spatial separation is realized by inert gas bearing 'curtains' of heights above the wafers down to ∼20 to 100 μm. These curtains confine the reactant gases to individual (e.g., linear) injection slots constructed in a gas injector head. By moving the substrate horizontally back and forth under the head one can expose the wafer to the alternate gases in the overall cycle without the intermittent reactor volume refreshment time delay that occurs upon every cycle.
Spatially-divided Reactive Ion Etching has the potential of yielding higher etch rates in (deep) 3D Si etching and becoming a future highspeed alternative for the conventional Bosch process in cost-effective creation of advanced 3D interconnects (TSVs), MEMS/NEMS manufacturing and related applications.
An additional advantage of the spatial RIE regime is the significant reduction of passivation that settles on (and flakes from) the reactor walls since in this regime no etch or passivation products deposit. Moreover, fluorine-free, thus environmentally friendlier passivation chemicals can be used. When, in addition, the etch process is applied with a uniform ALD-based passivation by SiO 2 or alike rather than with CVD-based C 4 F 8 -based half-cycles, the anisotropy control and high fidelity pattern transfer can be improved in 2D and in 3D etching. Furthermore, in many FEOL and BEOL flowcharts any future spatial RIE modules can certainly be integrated with or into other spatial ALD-modules or pulsed CVD modules providing cost-effective and low-temperature or gap or via filling with liners, 53 seed/barrier layers, 10 etc.
We note that the concept of spatial RIE etching can be applied in many more demanding application fields such as in the front-endof-line of the More Moore domain. Yet, research will probably first continue with the optimization of current temporal (pulsed) reactor technology, much along the lines described by Cooke 17 and others. 54 Already in today's advanced RIE etching, we witness the steady development of advanced pulsed waveform plasma etching to meet the stringent requirements for further nanoelectronics scaling beyond the 10-nm technology node by better control of the critical plasma parameters such as ion and radical densities, ion energy distribution functions, 38, 39 and electron temperature in conventional high-density plasma reactors. 55 We conclude that today the potential of ALD-assisted nanomanufacturing technologies like Atomic Layer Etching (ALEt) concepts derived from etch-purge-passivation/deposition-purge subroutines in (D)RIE and ALD is now clearly being recognized and promoted. 10, 54, 56, [57] [58] [59] The ongoing scaling of Moore's Law will soon require the implemention of these complementary technologies to meet the 10-nm challenges in surface and sidewall passivation of resist and feature patterns that is required to minimize interface, line edge and fin wall roughness. 27, [60] [61] [62] For cost reasons and flexibility in local pressure, i.e. (an)isotropy control, in the spatial etch and purge compartments one can envisage a gradual shift to the adoption of ALD-enabled RIE (we abbreviate it as ALDeRIE) in the spatial domain as well. Obviously, the spatially divided version is not commercially available yet and not straightforward, but -once realized for dedicated materials and topographies -it will certainly lead to far improved price-performance ratios in Atomic Layer Etching.
